Electrospinning is a versatile process used to prepare micro-and nano-sized fibers from various polymers dissolved in volatile solvents. In this report, cellulose and cellulose-heparin composite fibers are prepared from nonvolatile room temperature ionic liquid (RTIL) solvents by electrospinning. RTILs are extracted from the biopolymer fiber after the fiber formation using a cosolvent. Micron to nanometer sized, branched fibers were obtained from 10% (w/w) concentration of polysaccharide biopolymer in RTIL solution with an applied voltage of 15-20 kV. Cellulose-heparin composite fibers showed anticoagulant activity, demonstrating that the bioactivity of heparin remained unaffected even on exposure to a high voltage involved in electrospinning.
Introduction
Electrospinning is a widely used simple technique to prepare micron-to nanometer-sized fibers of various polymers. 1 Electrospun fibers find applications in the making of fiber-reinforced composites, membranes, biosensors, electronic and optical devices, and as enzyme and catalytic supports. 2 The electrospinning technique is useful even in large-scale manufacturing environments such as textile industries. 3 A variety of novel tissue engineering scaffolds have been prepared by electrospinning various synthetic and natural biodegradable polymers. 4 However, the range of the polymers that can be electrospun is still limited by the availability of volatile solvents and their limited capability of dissolving polymers of different types. In this report, we conceive of making electrospun fibers from a relatively novel solvent system: room temperature ionic liquids (RTILs). RTILs have become more important in a wide array of chemical processes owing to their capability of dissolving both polar and nonpolar compounds. 5 Other desirable properties of RTILs include low or zero vapor pressure, low melting point, large liquidus range, high thermal stability, large electrochemical window, and recyclability. 6 Further, the properties of an RTIL can be modified by adjusting the structures of its anion or cation or both, and hence, RTILs are also called designer solvents. RTILs have proven to be a promising solvent system for the reactions involving biopolymers such as enzymes 7 and carbohydrates. [8] [9] [10] The successful application of RTILs in electrospinning could increase the number and types of materials from which the fibers can be made.
Electrospinning can be considered as a derivative of the electrospray process, as both use high voltage to form a liquid jet. In the electrospinning process, a polymer solution is held by its surface tension at the end of a capillary. When a sufficiently large electric field is applied, the solution at the tip of the capillary elongates to form a cone because of coupled effects of the electrostatic repulsion within the charged droplet and attraction to a grounded electrode of opposite polarity. As the strength of the electric field is increased, the charge overcomes the surface tension, and a fine jet is ejected from the apex of the cone. Fibers were initially thought to be formed by the splitting of a primary jet into multiple filaments, a process known as "splaying", 11 but recent studies 12 have shown that diameter reduction occurs because of the whipping action of a single jet as it nears the target. This whipping instability, caused by small lateral fluctuations in the centerline of the jet as it travels toward the target, causes high-frequency bending and stretching of the jet, leading to the formation of micron-and nanometer-sized fibers. Typically, electrospinning involves the evaporation of the solvent component of the viscoelastic liquid, resulting in fiber formation. In this report, we have demonstrated that it is possible to electrospin cellulose and cellulose-heparin composite fibers from nonvolatile room temperature ionic liquids (RTILs). Cellulose and heparin polysaccharides were selected as a model system also with potential applications as biomaterials. Since RTILs are low-melting salts having very low vapor pressure, it is impossible to evaporate them. Instead, in this report, the RTIL is removed from cellulose and heparin by dissolution in ethanol cosolvent.
Cellulose, a linear polysaccharide composed of -(1 f 4)-linked glucose, is known for its excellent biocompatibility and thermal and mechanical properties. 13 The insolubility of cellulose in most conventional organic and aqueous solvents is attributed to its very high crystallinity supported by an extensive hydrogen bonding network. Cellulose fibers have been made by electrospinning from a variety of solvents such as acetone, acetic acid, and dimethylacetamide. 14 The RTIL, 1-butyl-3-methylimidazolium chloride ([bmIm] [Cl]) ( Figure 1 ) was reported to dissolve up to 25% (w/w) unmodified cellulose with the aid of microwave irradiation. 15 Heparin is a linear, polydisperse, anionic polysaccharide that plays a vital role in regulating many biological activities. 16 Heparin, the most widely used anticoagulant, has also been extensively investigated to prepare various blood-contacting polymer devices with good blood compatibility. [17] [18] [19] Heparin is soluble only in a few organic solvents including dimethylformamide, dimethyl sulfoxide, and formamide. We have recently reported that the RTIL 1-ethyl-3-methylimidazolium benzoate ([emIm] [ba]) dissolves up to 2% (w/w) of the imidazolium salt of heparin. 10 
Experimental Section
Preparation of RTIL Solution. Imidazolium salt of heparin was prepared from the pharmaceutical sodium salt form (an extract from porcine intestinal mucosa, average molecular weight (MWavg) ) 12 500) by ion exchange chromatography (Dowex cationic (H + ) resin) followed by neutralization with imidazole. Approximately 7 mg of imidazolium heparin was added to ∼400 mg of [ Surface Characterization. A JEOL JSM-6332 FESEM equipped with secondary electron detectors was used at a voltage of 5 kV to study the surface characterization of the fibers. To perform the FESEM analysis, the fibers were first subjected to gold sputtering to form a monolayer of gold on the surface of the fiber to afford a conductive film.
Thromboelastography (TEG). The cellulose-heparin composite fibers were thoroughly washed with water to remove all leachable heparin prior to measuring TEG. 20 Typically, dry fiber (1 mg) was placed in a TEG cup, followed by the addition of 350 µL of human whole blood, and incubated for 5 min. A 10-µL aliquot of 0.01 M CaCl2 was added to recalcify the citrated blood. A coaxially suspended stationary piston was then placed in the cup with a clearance of 1 mm. This pin is suspended by a torsion wire which transduces the torque. The cup is oscillated at an angle of 4°45′ in either direction every 4.5 s. During the clot formation, fibrin fibrils link the cup to the pin which influences the rotation of the pin, and the disturbance is measured and displayed by a computer. The display, called a thromboelastogram, plots the torque experienced by the pin as a function of time. (Figure 1 ). The fibers formed were directly received in ethanol that can completely dissolve both the RTILs used in the dissolution, but neither of the polysaccharides are ethanol soluble. Hence, as the fibers formed, the ethanol extractively removed the RTIL solvents, affording pure polysaccharide fibers. These fibers were then subjected to further washing with ethanol until there was no residual RTIL found by distillation. The fibers were then dried in vacuo to remove the residual ethanol. Both cellulose and cellulose-heparin composite fibers were made by this approach. Elemental analysis (C, H, N, S) (Galbraith Laboratories, TN) of cellulose fibers showed no N or S, while cellulose-heparin composite fibers showed the expected values based on the synthesis described in Figure 1 , confirming the absence of RTILs in the dried fibers.
Results and Discussion
The dried cellulose and cellulose-heparin composite fibers were structurally characterized using field emission scanning electron microscopy (FESEM). The FESEM characterization of the cellulose-only fibers (Figure 2a,b) showed the formation of highly branched, nanometer-to-micron-sized fibers by electrospinning from RTIL solutions. Cellulose fibers were made out of 10% (w/w) cellulose-RTIL solution. FESEM images of the cellulose-heparin composite fibers are shown in Figure 3 . The morphology and diameter distribution of electrospun fibers depend on a variety of process parameters, including the solution concentration, surface tension of solvent, applied voltage, and solution feed rate. The high viscosity and nonvolatility of the RTILs limited the fibers formed to mostly micron-sized diameters (see fiber diameter distributions in supplementary information) and also contributed to the interconnected branched structures. The mean fiber size for the cellulose/heparin composite was larger than that for pure cellulose, mainly due to the higher viscosity. Even when pure cellulose was electrospun from RTILs, only a small percent of nanoscale (∼500 nm) fibers were observed. By using low-viscosity RTILs and optimization of the spinning parameters, it should be possible to prepare nonbranched nanofibers of cellulose/heparin composites. The surface roughness of the cellulose-heparin composite fibers was also much higher than that of the cellulose-only fibers (Figures  2b and 3b) . This difference may be due to the phase separation of cellulose and heparin in the electrospinning process, although other phenomena such as the differential rate of solvent removal and skin formation due to differences in blend composition or the MW or fiber diameter might also contribute to the observed roughness of the composite fibers.
Biological characterization of the cellulose-heparin fibers was performed by measuring the clotting kinetics of human whole blood exposed to these fibers using thromboelastography (TEG). 20 The clotting kinetics values of the human whole blood treated with the cellulose and the cellulose-heparin composite fibers are given in Table 1 . In TEG studies, cellulose fibers behave similarly to the control sample (no added fibers). In contrast, cellulose-heparin composite fibers afford a prolonged clotting time (R) in a concentration-dependent fashion. The time taken to reach 20 mm of clot (K) increased, and the rate of the clot formation (R) decreased. Little or no effect on maximum amplitude (MA) of clot formation was detected. These observations suggest the presence of heparin in an electrospun fiber acted as an anticoagulant slowing clot formation without altering the final amount of clot formed. It is noteworthy that heparin maintained its bioactivity even after an exposure to high voltages (10-20 kV) required in the electrospinning process.
Conclusions
Cellulose and cellulose-heparin composite fibers have been made for the first time by electrospinning from RTILs. The use of RTILs to form fibers, followed by RTIL removal through ethanol extraction, demonstrates an advantage for the high viscosity of RTIL solvents. FESEM images showed the formation of both micron-and nanometer-sized fibers. The cellulose fibers showed a smooth surface, while the cellulose-heparin composite fibers had a rough surface morphology. Heparin, despite being a biological macromolecule, stayed intact and bioactive even with exposure to high voltage during electrospinning. The application of RTIL solutions in fiber formation by electrospinning is expected to delimit the nature of polymer/ material from which electrospun fibers can be made. Finally, cellulose-heparin fibers offer promise in the preparation of woven fabrics for use in the construction of artificial vessels with excellent blood compatibility. 
